Objective To examine the association between midpregnancy dietary patterns and pregnancy-associated hypertension (PAH).
Introduction
Pregnancy-associated hypertension (PAH) forms a subgroup of hypertensive disorders in pregnancy that affect 8-10% of pregnancies globally 1 and result in adverse complications in mothers and offspring. [2] [3] [4] [5] PAH, including gestational hypertension (GH) and pre-eclampsia (PE), are the most studied forms, 2, 6, 7 yet the knowledge of their aetiology is limited. 8 In order to gain insight into the aetiological mechanisms, modifiable factors such as maternal diet have been studied. [9] [10] [11] [12] [13] [14] [15] [16] [17] These studies have identified benefits of both nutrients, [9] [10] [11] [12] and food groups. 13, 14 However, as nutrients and food groups are not habitually consumed alone, dietary pattern analysis merging habitual food consumption has emerged as a novel way to investigate diet-disease associations. 7, [15] [16] [17] Currently, results from dietary pattern studies remain inconsistent. Studies have shown both null 7 and protective 16, 17 associations of vegetable-rich diets with PAH. Reasons for discrepancies between studies include variations in population composition that result in population-specific dietary patterns with varied associations with PAH and limit the generalisability of results. 7 However, due to globalisation, some dietary patterns, such as the Western diet, high in fast food, added sugar and saturated fats, are now more transferable between populations. This dietary pattern has not been studied in relation to PAH, although a study of Norwegian women found that a processed diet increased risk of PE. 15 This raises the need for additional studies on dietary patterns to provide evidence on potentially preventative interventions to reduce the burden of PAH.
Furthermore, there is evidence to suggest that the risk of PAH varies in population sub-strata of pre-pregnancy body mass index (BMI) and fetal sex. Pre-pregnancy BMI is a known risk factor for PAH and an inflammatory process involving increased C-reactive protein levels has been implicated in the pathogenesis. [18] [19] [20] Likewise, Hiozaki et al. showed that women carrying female fetuses had significantly higher incidence of PAH than those carrying male fetuses. 21 Stratification would help to identify vulnerable sub-groups of the population that may require more clinical attention. Current studies have not explored the variations within these subgroups.
In this study, we aimed to examine the associations of seven dietary patterns previously characterised within this population with PAH 22 and the role of pre-pregnancy BMI and fetal sex as effect modifiers. We hypothesised that a Western dietary pattern characterised by high consumption of potatoes, mixed meat, margarine and white bread would increase the risk of PAH and associations would vary with pre-pregnancy BMI and fetal sex.
Methods

Study population
This study was conducted in the Danish National Birth Cohort, a prospective, longitudinal cohort study. 23 Danish women who planned to carry their pregnancy to term were enrolled between January 1996 and October 2002. They participated in two telephone interviews during pregnancy, at the 12th and 30th weeks of gestation, and in two interviews at 6 and 18 months postpartum. Women were administered a food frequency questionnaire (FFQ) during mid-gestation (at~25 weeks of gestation). The present study was restricted to first singleton pregnancy enrolment to avoid dependencies among correlated observations.
The population flow chart used to obtain the study sample is illustrated in the Supplementary material ( Figure S1 ). Among the 101 042 enrolled pregnancies, dietary data were available for 70 183 pregnancies and 67 601 of these were singleton pregnancies. Further restrictions included single enrolments and pregnancies with recorded FFQ date resulting in a final study sample of 55 139 participants (60% of the recruited women). Pregnancies included in the analysis of each outcome were dependent on whether the dates when FFQ was completed preceded dates of interviewreported GH or PE diagnoses. This ensured that exposure preceded the outcomes.
The Regional Scientific Ethics Committee for the municipalities of Copenhagen and Frederiksberg approved all study protocols, and all procedures followed the World Medical Association Declaration of Helsinki. All women provided consent for themselves and on behalf of their children. Core outcome sets and patient or public involvement were not used in this study.
Dietary pattern assessment
Dietary patterns were assessed based on dietary intake information collected from a validated semi-quantitative FFQ. 22, 24 The FFQ asked about the frequency of intake of approximately 360 food items in the past 4 weeks. Intakes have previously been validated against blood biomarkers of intake and 7-day weighted food diaries indicating acceptable validity. 25, 26 The 360 food items were translated into 65 food groups that were used to derive dietary patterns as indicators of overall dietary lifestyle. The methods used to derive the dietary patterns have been previously described. 22 Briefly, the 65 food items were scaled to unit variance in order not to favour food items with high recordings. The dietary patterns were derived using principal component analysis with varimax rotation. The seven factors, identified to account for 30% of variation in dietary intake, were labelled Western, Vegetable/Prudent, Seafood, Nordic, Rice/Pasta/ Poultry, Sweets and Alcohol dietary patterns. The composition of these patterns has been described elsewhere 22 and factor loadings are summarised in the Supplementary material (Table S1 ). Each participant was given a pattern score for each of the seven patterns. These scores were calculated by summing standardised food intakes weighted by factor loadings (correlation coefficient for the variable and factor) of the foods. 27 This reflected the degree to which women conformed to each dietary pattern. Participants were then ranked into dietary pattern quintiles based on their pattern scores.
Pregnancy-associated hypertension assessment
The primary outcomes were GH, PE and severe PE. Gestational hypertension was defined as self-reported presence of new-onset hypertension (elevated blood pressure) after 20 weeks of gestation without proteinuria. Reports were collated during interview 2 (at gestational week 30) and interview 3 (at 6 months postpartum). In interview 2, women reported GH that occurred between weeks 20 and 30; in interview 3 women reported GH that occurred in the last part of pregnancy. These were termed mid and late GH, respectively. Consequently, GH in this study was defined as overall GH (presence of mid and/or late GH). Since FFQ was administered at the 25th week of gestation, interview and FFQ dates were reviewed to ensure exposure preceded the outcome.
Pre-eclampsia and severe PE were defined based on doctor diagnosis retrieved from the Danish National Patient Registry (International Classification of Diseases 10th revision diagnosis codes DO141, DO142, DO150, DO151, DO152, DO159). Pre-eclampsia was defined as elevated blood pressure (≥ 140/ 90 mmHg) and proteinuria (≥ 300 mg/24 hour or 1+ urine dipstick) after 20 weeks of gestation that returned to normal before 8 weeks postpartum. Severe PE was defined as severe clinical presentation of PE (elevated blood pressure ≥ 160/ 110 mmHg, proteinuria (≥ 500 mg/24 hour or 3+ urine dipstick) or complications/clinical manifestations of severity including cerebral or visual disturbance, oliguria, HELLP syndrome (haemolysis, elevated liver enzymes and low platelet count), or eclampsia. Only outcomes diagnosed after the FFQ were included.
Covariate assessment
Information on maternal characteristics and lifestyle were extracted from the first two interviews and included: maternal age, pre-pregnancy BMI, parity, smoking during pregnancy, physical activity level during pregnancy reported in minutes/week, sociodemographic status of pair, energy intake, history of previous hypertension defined as chronic hypertension or hypertension in previous pregnancies, and maternal height. Missing covariate data were addressed using the missing-indicator and median value imputation methods for ≥ 4% and < 4% missing values, respectively. 28 
Statistical analysis
Univariable and multivariable logistic regressions were used to assess the associations between quintiles of the pattern scores and the outcomes, using the lowest quintile as the reference group. The use of quintiles allowed non-linear associations to be assessed. Results were reported as odds ratios (ORs) with 95% CI, because the outcomes were not common within the population. A P-test for trend was also conducted using median values of quintile scores to evaluate potential linear associations between the dietary patterns and the outcomes.
Further analyses focused on dietary patterns with significant associations with the outcomes. Effect modification by pre-pregnancy BMI and fetal sex was investigated by stratifying on the modifier levels to test a priori hypotheses that the degree of association will differ with underlying lipogenic status and sexual dimorphism. All analyses were performed using STATA statistical software release 13 
Results
Descriptive results
Most women included in the study population were nulliparous (51%), aged 25-35 years (76%) and of normal BMI (18.5-24.9 kg/m 2 ) (65%). Table 1 illustrates the population demographics for cases and non-cases of GH, PE and severe PE. On average, women with GH, PE, or severe PE had 1.6-2.3 kg/m 2 higher pre-pregnancy BMI compared with noncases. The proportion of nulliparous women was on average 13.1-20.5% higher in cases than non-cases. The proportion of nulliparity also increased with disease severity.
Comparing those who entered our analyses (55 139) with those who were excluded (n = 36 688) showed similar age (30.3 versus 30.6 years) and pre-pregnancy BMI (23.5 versus 23.5 kg/m 2 ). However, our participants were less likely to smoke (25% versus 28%) and were more likely to be nulliparous (54% versus 38%).
Maternal dietary patterns and PAH
The disease prevalence was 14% for GH (5491/39 362); 2% for PE (1168/54 778) and 0.4% for severe PE (234/55 086). 
<0.0001
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Total energy intake, KJ/g Chi-squared test and one-way analysis of variance tested differences in maternal characteristics for cases with gestational hypertension, pre-eclampsia, and severe pre-eclampsia. Chi-squared test was used for categorical variables and one-way analysis of variance was used for continuous variables. The multivariable effect estimates of each dietary pattern with the outcomes are shown in Figure 1 . We found that only the Western and Seafood diets were significantly associated with the risk of both GH and PE. Table 2 presents the non-stratified and pre-pregnancy BMI stratified associations across quintiles of Western diet. After adjusting for confounders, we found a direct dose-response association with GH (P for trend = 0.03), which was stronger for PE (P for trend = 0.01). The changes from unadjusted to adjusted odds ratio for GH and PE were small, primarily for GH. The trend across the quintiles for GH appeared to weaken when adjusted for confounders whereas the trend for PE strengthened. The results for mid-GH and late GH were similar to overall GH (see Supplementary material, Table S2 ).
Maternal Western diet with PAH
When the analyses were stratified by pre-pregnancy BMI, we found that the modest associations present for Western diet with PAH were only evident in women of normal weight (BMI = 18.5-24.9 kg/m 2 ). Women of normal weight had significantly increased odds of developing GH (Q5 versus Q1, OR 1.23; 95% CI 1.05-1.44) and PE (Q4 versus Q1, OR 1.51; 95% CI 1.14-2.02) with higher consumption of Western diet. No significant associations were evident for underweight, overweight or obese women.
When we stratified by fetal sex, we found that women carrying a female fetus had significantly increased odds of developing GH and PE with higher intake of Western diet. The odds of developing PE appeared to be dose-dependent (P for trend < 0.0001). No association was evident for PE in women carrying a male fetus (see Supplementary material, Table S3 ).
Maternal Seafood diet with PAH
The non-stratified and pre-pregnancy BMI stratified associations across quintiles of Seafood diet are presented in Table 3 . There was a significant dose-dependent decrease in the risk of both GH (P for trend < 0.01) and PE (P for trend 0.01) after adjusting for confounders. The changes from unadjusted to adjusted OR for GH and PE were considerable. The trend across the quintiles for GH and PE appeared to weaken when adjusted for confounders.
When pre-pregnancy BMI stratification was conducted, women of normal weight (BMI = 18.5-24.9 kg/m 2 ) had significantly decreased odds of developing GH with higher consumption of the Seafood diet (Q5 versus Q1, OR 0.86; 95% CI 0.76-0.97). This association was also dose-dependent, but was not observed for PE. We also found that in underweight women (BMI < 18.5 kg/m 2 ), higher consumption of Seafood diet from Q1 to Q4 decreased the odds of PE by 69% (OR 0.31; 95% CI 0.09-0.98), but no significant association was observed for Q5 versus Q1. We found no differences in the odds of developing GH with higher consumptions of Seafood diet by fetal sex (see Supplementary material, Table S3 ).
Discussion
Main findings
In this large prospective cohort study of Danish women, we identified an association between Western (characterised by high consumption of potatoes, mixed meat, margarine and white bread) dietary pattern and higher risk of PAH. We also found that Seafood diet, characterised mainly by high consumption of fish and vegetables, reduced PAH risk. Both patterns were significantly associated with the odds of developing GH and PE, but showed no association with severe PE. In stratified analyses, the strongest associations were found for normal weight women and women carrying a female fetus.
Strengths and limitations
Our study had some limitations. First, it was limited by the timing of dietary assessment. As PAH is proposed to start in early pregnancy, 7, 17 women are likely to adjust their diet after being aware or warned of an increased risk of PAH. As a result, responses to FFQ in mid-pregnancy may not be completely representative of their habitual dietary patterns. By focusing on diagnosis made after collection of the FFQ data we attempted to avoid bias due to changes in diet after diagnosis. The use of self-reported measures of GH could have resulted in misclassification, but due to the prospective nature of the study, misreporting of GH would have been independent of exposure and led to non-differential misclassification, attenuating the associations towards the null. This may have accounted for the modest associations seen in our study. Finally, we could not avoid residual confounding in the analyses. Previous studies have adjusted for gestational diabetes in addition to the confounders used in our study. [15] [16] [17] It is expected that the residual confounding in our study will slightly weaken the estimates, but would not be strong enough to nullify the results because the prevalence of gestational diabetes in our study was~1%.
Our study also had strengths. The large size of this study increased statistical power, but may have captured associations that were less clinically meaningful. However, this is unlikely to be true for PE where the upper confidence interval approached 2. We used detailed covariate data to adjust for confounding, which strengthened the reliability of our results. Furthermore, the dietary patterns used in our study were derived from detailed dietary data and although patterns are less transferable due to population specificity, they are useful for describing the intake in a population. The derivation of dietary patterns like the Western diet, which is consumed across various populations, increases the generalisability of our results in contrast to previous studies that focused on population-specific patterns like the Mediterranean, Nordic or Traditional diets.
7,15-17 Finally, we employed the national disease registry in the assessment of PE, which reduced the possibility of selection bias due to complete follow up and risk of non-differential misclassification because of validation against medical records. It may also have accounted for the stronger association seen with PE compared with GH.
Interpretation
Our findings provide further evidence and support previous findings 7, 15, 17 that vegetable-rich diets are associated with reduced risk while high meat/salt/fat diets, although not Gestational hypertension (overall gestational hypertension) was defined as self-reported hypertension in interview 2 and/or interview 3. Preeclampsia and severe pre-eclampsia were also reported after the dietary assessment in gestational week 25. Pre-eclampsia and severe preeclampsia diagnoses were obtained from the Danish National Patient Registry (ICD10 diagnosis codes DO141, DO142, DO150, DO151, DO152, DO159). Pre-eclampsia was defined as elevated blood pressure (≥ 140/90 mmHg) and proteinuria (≥ 300 mg/24 hour or 1+ urine dipstick) after 20 weeks of gestation and returned to normal before 8 weeks postpartum.
b Multivariable odds ratios and 95% CI adjusted for pre-pregnancy BMI, parity, maternal age, smoking status, physical activity in pregnancy, sociodemographic status of pair, history of hypertension and total energy intake and maternal height. Multivariable odds ratios and 95% CI for BMI strata, adjusted for parity, maternal age, smoking status, physical activity in pregnancy, sociodemographic status of pair, history of hypertension and total energy intake and maternal height. consistently shown, increase the risk of PAH. When the Seafood diet in our study was compared with the Vegetable and Mediterranean diets studied in a Norwegian and Australian cohort, respectively, all diets appear to share similarities in being rich in vegetables. 7, 15, 17 Furthermore, like the Seafood diet, the Mediterranean diet was also characterised by high fish consumption. 17 This points to the fact that diets rich in vegetables and/or fish may be more protective against PAH. The absence of an association with the Nordic (characterised by dark bread, Nordic fruit and hard cheese) and Vegetable/ Prudent (characterised by vegetable subgroups including cabbage, onion, mushroom) diets in our study 22 may be because their compositions were missing key components characterising these dietary patterns in previous studies. For example, the Nordic diet in our study excluded high fish and berry consumption, both key characteristics of the Nordic diet that showed a protective association with PE in another study. 16 The Vegetable/Prudent diet in our study was lower in fruits Gestational hypertension (overall gestational hypertension) was defined as self-reported hypertension in interview 2 and/or interview 3. Preeclampsia and severe pre-eclampsia were also reported after the dietary assessment in gestational week 25. Pre-eclampsia and severe preeclampsia diagnoses were obtained from the Danish National Patient Registry (ICD10 diagnosis codes DO141, DO142, DO150, DO151, DO152, DO159). Pre-eclampsia was defined as elevated blood pressure (≥ 140/90 mmHg) and proteinuria (≥ 300 mg/24 hour or 1+ urine dipstick) after 20 weeks of gestation and returned to normal before 8 weeks postpartum. Multivariable odds ratios and 95% CI adjusted for pre-pregnancy BMI, parity, maternal age, smoking status, physical activity in pregnancy, sociodemographic status of pair, history of hypertension and total energy intake and maternal height. Multivariable odds ratios and 95% CI for BMI strata, adjusted for parity, maternal age, smoking status, physical activity in pregnancy, sociodemographic status of pair, history of hypertension and total energy intake and maternal height. and berries when compared with the Vegetable diet in the Norwegian study that found a protective association with PAH. 15 It is plausible that a combination of fruits and vegetables, potentiating synergistic effects, is required for PAH prevention. Some studies have shown fruits to have a stronger protective association with PAH than vegetables within the same population of pregnant women, 29, 30 suggesting that fruits could have added benefits to consuming vegetables alone. However, these studies did not compare associations with PAH in the presence of fruit and vegetables versus the presence of fruit or vegetables alone; so potential synergy could not be confirmed.
The Western diet characterised in our study shares similarities with the Processed food diet studied in the Norwegian study 15 and supports the hypothesis that less healthy diets may increase the risk of PAH. However, our findings were not coherent with those from two other cohorts, 7, 17 possibly due to the small number of cases in their study (< 100) 7 and a wider disparity in the diet characterisation (e.g. the Meat/Fat/Sugar in the study by Schoenaker et al. 17 was more comparable with the Sweets diet in our study). Our findings are possibly explained by the knowledge that diet is a key modifiable determinant of inflammation. 18 For instance, the presence of trans fatty acids (i.e. in margarine) in the Western diet may increase systemic inflammation and endothelial dysfunction found in PAH, 31 whereas docosahexaenoic acid and eicosapentaenoic acid (i.e. in Fish and Fish oil) in Seafood diet have anti-inflammatory effects and have been shown to be associated with lower risk of PE. 32 The lack of association with severe PE points towards a greater association between diet and initial inflammation that may occur in GH and PE. As such, the additional pathogenesis that results in severe PE is less likely to be propelled by diet.
In the stratified analyses, we found that pre-pregnancy BMI was an effect modifier of the association between dietary patterns and PAH. Although confidence intervals were wider in these analyses, the overall association seen between the two patterns and PAH was only evident in women of normal weight. Despite the consistency in the directionality of the associations, it is possible that the lack of significant associations in the underweight and overweight/obese groups was a result of women under-reporting or overreporting their dietary consumption during pregnancy. There is evidence that self-reporting of dietary habits is significantly affected by weight status. Individuals tend to report dietary intakes that are closer to perceived norms than their actual intake, with overweight individuals usually under-reporting and underweight individuals usually overreporting. [33] [34] [35] [36] [37] [38] Another explanation for the lack of an association in the overweight/obese group could be because of the chronic inflammation and endothelial dysfunction that already exists in obesity. [18] [19] [20] 39 It is possible that this underlying inflammation overpowers the effect of other determinants, such as diet. However, the underlying mechanism for the association between pre-pregnancy BMI and PAH remains unclear. Further research could examine specific mechanistic components on the pathway between diet and PAH in overweight/obese women.
The association between dietary patterns and PAH was modified by fetal sex for the Western diet only. We found that the odds of PAH with higher consumption of Western diet was significantly higher in women carrying a female fetus. Our findings are suggestive of sexual dimorphism in the association between diet and risk of PAH. It is plausible that the differential expression of placental genes by sex and diet accounts for the association. [40] [41] [42] [43] [44] Interestingly, the sex ratio of women with PAH versus non-PAH was equal in the study (data not shown). The exact mechanism through which fetal sex modifies dietary effects on PAH remains unclear. Therefore, further studies of fetal sex as an effect modifier of the association between diet and PAH are required.
Conclusion
Our findings emphasise the importance of dietary habits during pregnancy to ensure maximum maternal and child benefits. Although dietary patterns are population-specific, the results of our study are likely to be beneficial outside the Danish population because the Western-type diet is widely consumed across various populations. 45 The results from the Seafood diet (comparable to diets such as the Mediterranean diet) can also be viewed as beneficial in various populations consuming vegetable and fish-rich diets. These benefits are more likely to be evident in women with pre-pregnancy BMI between 18.5 and 24.9 kg/m 2 , and potentially those carrying a female fetus. Advice, particularly to reduce the consumption of Western-type diets, could help optimise pregnancy outcomes.
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